The ability to scan a laser beam with high resolution at moderate frequencies over a large angular range has many applications. Communications, laser radar, and guidance systems are current and future applications that can benefit from this technology. Several techniques have been developed to direct a laser beam to multiple locations. [1] [2] [3] [4] [5] [6] These techniques include the use of MEMS, liquid crystals, and Wollaston prisms. MEMS mirror arrays are expensive to produce and their resolution is limited by vibrational problems. In addition, maintenance is nearly impossible. 6 Wollaston prisms are physically large and expensive. The beam deflection angles are limited to available components and vary with wavelength. 7 Index of refraction modulation within a liquid crystal cell has a response time on the order of seconds, 5 and the deflection angle varies with wavelength.
In previous work, 8 a three-stage reflective arrangement that acts similar to a Wollaston prism system was reported. Each stage consisted of a quarter-wave plate, a polarizing beam splitter, and two quarter-wave plates and mirrors. By controlling the polarization at each stage, the system was capable of deflecting a laser beam to 2 3 = 8 resolvable positions. This Note reports an extension of the earlier work to ten cascaded stages, so that the laser beam may be deflected to 2 10 = 1024 resolvable positions. The polarization at each stage is controlled by digital circuits which drive liquid crystal cells. Both specific and sequential angular deflections have been demonstrated. The response time of the system is about 20 ms and is set by the response time of the liquid crystal cells. A mathematical analysis shows that the present system approaches the theoretical maximum number of resolved positions for this technique.
In Fig. 1 , vertically polarized light is transmitted through a polarizing beam splitter and passes through a quarter waveplate with its fast axis at a 45
• angle. It is then reflected by the first surface mirror, passes back through the quarter waveplate, and re-enters the polarizing beam splitter horizontally polarized. It is reflected again and leaves the beam splitter. Similarly, horizontally polarized light is first reflected, and then after its polarization is changed, transmitted through the beam splitter, finally leaving through the same face as the initially vertically polarized light. a) Author to whom correspondence should be addressed. Electronic mail: mfeldm1@lsu.edu.
The quarter wave-plates and mirrors are assembled at 90
• to each other, on a rigid structure fixed at an angle φ with respect to the beam splitter. After passing through the beam splitter, horizontally and vertically polarized beams are deviated in opposite directions and emerge at an angle 4φ with respect to each other. Entering light polarized either horizontally or vertically exits the beam splitter with the other polarization.
A nematic liquid crystal cell 9 in front of the beam splitter controls the polarization of the light. With no applied voltage, the cells rotate the plane of polarization of horizontally or vertically polarized light by 90
• , but when a voltage is applied the plane of polarization does not change. Consequently, controlling the voltage on the liquid crystal cell selects the polarization and, hence, the direction in which the light leaves the beam splitter.
Consider an angular deflection system with N identical stages spaced apart by an optical path length L. The angular resolution of the system, θ , is given by
where the diameter of the incident laser beam is d, and the wavelength of the light is λ (Fig. 2(a) ). It is well known that for small angles and a Gaussian intensity distribution
For a binary digital system, the deflection angle increases by a factor of 2 at each stage, so that after n stages there are a total of 2 n directions to which the beam may be deflected. The angular separation between deflections is equal to the angular deflection of the first stage, θ 1 ,
where the separation between angular deflections has been set equal to the angular resolution, and θ n is the deflection at the nth stage, given by
There is a displacement, x n , of the laser beam at the last stage resulting from the angular deflection at the nth stage. In the small angle approximation, and N stages, The maximum displacement, x, is the sum of the displacements x n ( Fig. 2(b) ),
+ ....
It is interesting to note that for a large number, N, of stages the maximum displacement x between the beams at the Nth stage approaches four times X N−1 , the displacement between the (N−1)st and the Nth stages.
The last stage must have a width, D, large enough to accommodate both the diameter, d, of the beam and the maximum displacement, x,
There is a practical limit to θ N due to degradation of the extinction ratios of the polarizing beam splitters and the liquid crystal cells at incidence angles greater than about ±15
• . However, the number of addressable deflections can be increased by a factor of 2 m by adding m stages at the start of the optical train. For these deflections to be resolvable, the width of the beam, d, must also be increased by the same factor of To the extent that the separation between stages is dominated by the size of the cube beam splitters, increasing their width will increase L proportionally. The increase in L affects the width of the beam splitters as shown in Eq. (7). D varies slowly with θ 1 , but its minimum may be found by differentiating equation (7) with respect to θ 1 ,
There are two addition methods by which the number of resolved angular deflections by be increased.
(1) The displacements, x, arising from the early stages are relatively small, so the beam splitter cubes in those stages need only be large enough to accommodate the width of the laser beam. However, the decrease in path length has little effect on the final displacement, half of which arises from the last two stages alone. (2) A 1:1 telescope may be used to image successive stages on each other, thereby eliminating the growth in displacement in the last few stages (Fig. 3) .
A ten stage binary deflection system was constructed with 1.02 cm cube beam splitters. Their measured optical thickness was 6.50 mm, corresponding to an index of refraction of 1.57. Overall the optical path length between stages, L, including the liquid crystal cell, quarter wave plates, etc., came to 22.2 mm, including an 8.1 mm air gap. The active area of the liquid crystal cells in the first eight stages was a 5 mm square, oriented at 45
• with respect to the beam splitters. The liquid crystal cells in the last two stages were 10 mm squares, covering the beam splitters and accommodating the larger displacements in these stages.
The laser beam was a 3 mm diameter HeNe beam at a wavelength of 0.633 μm, for a theoretical resolution of 268 μrad. θ 1 was set to 240 μrad, somewhat below the nominal resolution. The required width, D, of the last stage was observed to be 9.5 mm, slightly larger than the theoretical estimate of 8.7 mm. arising from imperfections in the optical surfaces, they were well focused and evenly spaced (Fig. 4) . The liquid crystal cells were driven with 3 V RMS sine waves at a frequency of 1000 Hz. The ac signal for each cell was controlled by a corresponding digital logic gate. As mentioned above, the application of no voltage to a liquid crystal cell resulted in a change in polarization of the emerging beam. In addition, a change in polarization at one cell also changed the polarization of the beam at all the following cells. Exclusive NOR gates were used between a ten stage binary input and the ac signal gates so that the position of the deflected beam corresponded to the binary input. The response time of the liquid crystal cells was about 20 ms. Individual beam positions were selected manually from a digital keyboard, or the beams were scanned sequentially at a frequency of about 40 Hz.
A ten stage binary deflection system has been demonstrated with 2 10 = 1024 resolved angular positions. Its performance approached the theoretical limit. However, further improvements are possible by reducing the separation between the stages to increase the number of resolvable deflections and by antireflection (AR) coating air to glass interfaces to minimize reflections. In addition, faster switching between angular positions would be obtained with faster polarization devices.
